To investigate if a multidisciplinary weight loss program in adolescents suffering severe obesity allows adequate growth and development and avoid lean mass loss. DESIGN: A total of 55 adolescents (33 girls and 22 boys) suffering severe obesity were enrolled in an interdisciplinary weight reduction program lasting 6-12 months. Progressive submaximal physical activity was performed and national dietary allowances for adolescents with low levels of physical activity energy were provided. MEASUREMENTS: Total and segmental body composition was assessed by means of dual-energy X-ray absorptiometry. RESULTS: The mean height significantly increased (Po0.001). The mean body mass index (BMI) dropped in boys from 34.573.2 to 25.572.3 kg/m 2 and in girls from 38.474.1 to 28.474.1 kg/m 2 . Height increased according to the expected pattern (Po0.001). Total lean mass (LM) did not vary and was positively correlated to pubertal development in both sexes before and after weight loss. Steepest drop in fat mass (FM) was observed in the trunk (À63.2710.1% in boys and -51.5711.4% in girls). Decrease in BMI and FM was tightly correlated in both sexes. However, slopes significantly differed (Po0.0005) so that a decrease of 1 kg/m 2 in BMI corresponded to a decrease of 3.92 kg in FM in girls and of 5.44 kg in boys. In each sex, FM at baseline and duration of the treatment were the main determinants of the decrease in FM. CONCLUSION: During adolescence, despite a major weight loss, adequate growth and preservation of LM can be achieved. Weight loss kinetics markedly differs between boys and girls. Low-calorie diets are unnecessary to achieve a marked reduction of severe obesity during puberty. The treatment of obese children and adolescent should aim at decreasing fat mass (FM), avoiding loss of lean body mass, ensuring adequate growth and development and preventing cyclic weight regain.
Introduction
The steep increase of obesity in children and adolescents is partly due to major changes in lifestyle in all industrialized countries. In France, the prevalence of obesity has doubled every 15 y since 1970 and reached 16% in 2000. 1 It has been extensively demonstrated that low physical activity levels are a cause and a consequence of overweight. 2 Obese children tend to remain obese in adulthood. 3 Many severe complications of adult obesity are embedded in childhood and adolescence. 4 So strategies are needed to prevent and to treat childhood obesity. 2, 5 The treatment of obese children and adolescent should aim at decreasing fat mass (FM), avoiding loss of lean body mass, ensuring adequate growth and development and preventing cyclic weight regain. 2, 6 Improving well-being is a second major aspect since psychological disturbances and social distress tend to be early features of obesity in the young. As such a multidisciplinary approach proves to be difficult to reach in the usual environment, in-patient units have been designed to help adolescents suffering the most severe forms of obesity. 7, 8 Managing weight loss in obese adolescents actually requires paying special attention to potential negative side effects since several studies reported a lost of lean body mass following a low-calorie diet. 9 The dual-energy X-ray absorptiometry (DEXA) has been validated as an efficient tool to assess the total and regional body composition in vivo, 10 in adults 11 and in children. [12] [13] [14] Changes in body composition differs markedly between boys and girls during puberty. Hormonal changes that influence patterns in body fat accumulation and lean body mass leading to opposite trends in boys and girls have been well described in nonobese adolescents. 15 While in boys, a mean 4% reduction of FM occurs, due to a marked increase in lean body mass, in girls a mean 13% rise in FM takes place. Therefore, the objectives of this study are to describe initial body composition and to evaluate the variations of total and regional body composition in male and female adolescents suffering severe obesity and following a multidisciplinary weight loss intervention based on moderate dietary restriction, regular physical training, psychological and educational support.
Subjects and methods

Population
A total of 55 adolescents including 33 girls and 22 boys, aged 9-17 y, admitted in our unit were included. The inclusion criteria were severe primary obesity, agreement of the child and its family to participate on a voluntary basis in a weight reduction program. The exclusion criteria were: identified genetic, metabolic or endocrine disease, obesity secondary to a brain tumor. Characteristics of the population are shown in Table 1 . Patients were housed at the therapeutic unit, except during the weekends that were spent at home, for 973 months (range 6-12 months) where they participated on a voluntary basis in a weight reduction program. The unit itself is conceived to work as close as possible as a boarding school in which, however, daily life activities are adapted in order to allow these adolescents to overcome the deep psychological and social distress and heavy physical burden they are facing and learn to cope with the many changes required at a time and over a sufficient period for results to be perceived and allow an increase in self-esteem. Non academic work, nutrition and cooking, physical activities, are, for example, organized for subgroups of 4-12 adolescents, while psychological support can take place only within the group or be individually based. Regular evaluation takes place with the adolescent and, on other occasions, with the parents. A major scope is to evaluate and follow how the adolescent and the family are implementing new strategies at home in order to maintain a vertuous cycle. On average, subjects lost 3-5 kg per month before a stabilization phase that lasted about a month prior to leaving the unit.
The objective was to come as close as possible to the 97th percentile of body mass index (BMI) of the national reference charts. 16 
Study protocol
Medical follow-up included initial examination and appropriate tests followed by a regular clinical surveillance by the pediatrician. Pubertal stage was assessed by means of the Tanner criteria. 17 Biological controls for minerals, vitamin D, and iron status were performed every 6 weeks by means of corresponding biological tests and a complement given whenever required. The study was performed in accordance with the Declaration of Helsinki II.
Anthropometric measurements
Subjects were weighed wearing light clothing and without shoes on an electronic scale to the nearest 0.1 kg (Teraillont France). Height was measured to the nearest 0.5 cm by using a wall-mounted stadiometer. BMI was calculated as body weight (BW) divided by height (H) squared (kg/m 2 ). Waist circumference (WC) was measured to midway between the costal arch and the iliac crest and hip circumference (HC) was measured as maximal circumference over the buttocks at the level of the trochanters to the nearest 0.5 cm.
Dietary program
Energy intakes were set at the levels recommended by the national daily allowances (RDAs) for subjects with low levels of physical activity of the same age and sex. 18 Energy intake ranges of 6700-7500 kJ/day (1600-1800 kcal/day) during the weight reduction phase proved to be efficient to allow a regular weight loss rate of 0.5-1 kg/week, which is well tolerated on a long-term basis. An increase of up to 7500-9200 kJ/day (1800-2200 kcal/day) was required during the stabilization phase in order to stop weight loss and achieve a stable body weight. This was reached, on an individual basis, by increasing caloric intake by steps of 840 kJ/day (200 kcal/ day) until a stable weight had been reached. A multivitamin tablet (Alivityl t France) was given every day. Nutrition training was also addressed to the parents. Parents were provided the same documents as their children in addition to which meetings took place every 6 weeks and phone calls were made by the dietitian and the parents were encouraged to call if they needed extra information.
Physical exercise program and tests
The children and adolescents were provided initially three sessions per week of progressive submaximal physical activity. The initial level was chosen according to the results of the different tests performed to assess physical aptitudes. These tests allow to evaluate cardiovascular parameters during the physical activities and to estimate the aerobic and anaerobic aptitudes. Activity levels and patterns were determined for each individual as detailed in the corresponding article. In brief, the physical training session took place three times per week, lasted 90 min each and included alternatively swimming, gymnastics, walking and recreational team sports (soccer, hand ball, basket ball, etc.). Progression rate, activities and resting periods within a single session were carefully monitored in order to allow aerobic Multidisciplinary weight loss intervention HH Dao et al work. Information about lifestyle changes related to activity was also provided and spontaneous activity (walking, stair climbing, etc.) encouraged.
Body composition measurement
The total and regional body composition was assessed by DEXA Hologic QDR 1000/W t version 5.11 (Hologic Inc., Waltham, MA, USA) at the very beginning and at the end of the weight loss intervention, during the weight stabilization phase. The DEXA allows to determine total and regional FM, lean tissue mass (fat-free soft tissue) and bone mineral content (BMC). Fat-free mass (FFM) is defined as the sum of lean mass (LM) and BMC. The total X-ray irradiation absorbed by the organism was 2-5 mrems, which corresponds to one-tenth of a standard chest film. The total body scanning area was divided into precise anatomic segments according to the operator's manual. 19 Daily quality control of spine phantom test was performed according to the manufacturer's directions. The coefficient of variation was 0.42%. The results of LM and FM only are reported in this paper.
Statistical analysis
All data were analyzed by means of Statview s package (Abacus Concepts, Inc. Berkeley, CA, USA) with significance set at Po0.05 and expressed as mean7s.d.
Comparisons between measures before and after weight loss were made using paired t-tests and between the gender and pubertal stage using unpaired t-tests and w 2 test, respectively. Simple and multiple regression analyses were used to examine the relationships between body composition and physical characteristic variables. In order to evaluate the impact of the ongoing pubertal development, as reflected by a shift in the Tanner stage, subjects are grouped into two categories accordingly.
Results
Population
A total of 33 girls and 22 boys were included. The mean age was not different (P ¼ 0.92) in boys (13.971.7 y) and girls (13.671.6 y). In all, 40 (73%) of the subjects were of Caucasian origin and 15 (27%) from Black Africa and West Indies. At baseline, 22/55 subjects had not achieved puberty and 33/55 had reached its last stages (stage 4 and 5 of the Tanner classification). During the study course, all subjects at early stages evolved to the next steps as expected, so that 45 (82%) had reached stages 4 and 5 at the end of the study.
Anthropometric characteristics
The physical characteristics of the 55 obese adolescents before and after the weight loss program are shown in Table 1 . BMI was higher in girls than in boys both before weight loss (P ¼ 0.034) and after BW loss (P ¼ 0.0036). In girls, BMI increased with Tanner stages before (F ¼ 4.32, P ¼ 0.046) and after weight loss (F ¼ 4.57, P ¼ 0.041) and with age (r ¼ 0.45, P ¼ 0.01 and r ¼ 0.53, P ¼ 0.0026, respectively). BW, BMI, WC and HC steeply decreased in both sexes (Po0.0001). The mean height increase was higher in boys than in girls (P ¼ 0.005). The waist-to-hip ratio (WHR) decreased significantly in girls (Po0.05) and marginally in boys (P ¼ 0.07). All anthropometric measures were similar in subjects of Caucasian and African origins before and after weight loss (not shown). Ages, ethnicity and pubertal development were used as covariates. Neither ethnicity nor age had any effect on changes in anthropometry in boys and girls. Pubertal development significantly affected height growth in boys (F ¼ 9.37, P ¼ 0.006) and girls (F ¼ 7.03, P ¼ 0.013), weight loss in girls (F ¼ 4.90, P ¼ 0.034), but neither decrease in BMI nor WC and HC.
Body composition
The results of total and regional body composition data before and after weight loss are shown in Table 2 . The total and regional percent fat before and after weight loss are shown in Figure 1 .
Fat mass. At baseline, the mean total FM content and percent body fat were marginally higher in girls than in boys (P ¼ 0.06). After weight loss, both differences reached significance (Po0.01). The total FM decreased by 42.777.6% in girls and 51.9711.4% in boys (Po0.0001).
At baseline, percent fat contents of the upper limbs and the trunk were significantly higher in girls than in boys 
Multidisciplinary weight loss intervention
HH Dao et al (P ¼ 0.05). In absolute value, these differences were only marginally higher (P ¼ 0.06). After weight loss, percent FM in all regions remained higher in girls than in boys (Po0.05), while in absolute value FM contents were higher in the trunk and lower limbs only (P ¼ 0.02).
The steepest drops occurred in the trunk and were higher in boys than in girls (À63710 vs À51.579.5%, Po0.0001). Trunk FM decrease was best correlated to total FM decrease (r ¼ 0.91 and 0.92, Po0.001, in girls and boys, respectively). In both sexes, changes in arms FM appear to be weaker and less consistently related to total FM decrease (r ¼ 0.58, and 0.63, Po0.005) than in the legs (r ¼ 0.86, and 0.91, Po0.0001 in girls and boys, respectively).
Fat distribution. Trunk-to-legs FM ratio decreased dramatically in both sexes (Po0.0001) and remained higher in girls than in boys either before (1.1470.21 vs 1.0270.16, P ¼ 0.02) or after weight loss (0.8970.24 vs 0.6870.17, P ¼ 0.001). In boys only this ratio also always correlated to WHR (r ¼ 0.65, P ¼ 0.004 and r ¼ 0.71, P ¼ 0.003).
Age and changes of the Tanner stage did not have any significant effect on the change of total and regional FM in boys in our population, while moderate effects were found in girls, as indicated below. Total and regional FM did not differ in either sex between subjects of Caucasian and African origin. However, trunk-to-legs FM ratio was lower in girls of African origin before weight loss (1.0170.22 vs 1.2070.19, P ¼ 0.020).
Lean mass. At baseline, total LM tended to be higher in boys than in girls (P ¼ 0.06). The difference became significant after weight loss (P ¼ 0.04). Despite the fact that total LM did not vary significantly in either sex, in boys, a slight increase ( þ 1.2671.30 kg, P ¼ 0.027) was observed in the legs. This difference appeared to be linked to pubertal development (w 2 ¼ 12.5, P ¼ 0.0004).
In the upper limbs, LM decreased slightly in boys (P ¼ 0.06) and girls (P ¼ 0.06) and was correlated with the corresponding local decrease of FM in both sexes (r ¼ 0.47, P ¼ 0.06 and r ¼ 0.45, P ¼ 0.037) in girls and boys. No statistical links were found between the variations of total and trunk LM.
LM increased with increasing Tanner stage either before or after weight loss in girls (F ¼ 18.7, P ¼ 0.0001; F ¼ 4.6, P ¼ 0.01) and boys (F ¼ 9.1, P ¼ 0.007; F ¼ 22.8, P ¼ 0.0001). Ethnicity also affected LM in girls and boys. Girls of African origin have higher total LM at baseline (55.379.2 vs 47.679.9 kg, P ¼ 0.042) and after BW reduction (53.578.3 vs 47.477.9 kg, P ¼ 0.05). In boys, total and segmental LM are altogether similar during the whole study. However, while total LM is stable over time in boys of Caucasian origin, it increases in boys of African origin (3.373.4 vs À0.173.2 kg, P ¼ 0.04). Age, ethnicity and pubertal development were used as covariates in order to identify further differences in the changes in body composition: girls of Caucasian origin showed a higher decrease of the trunk/leg FM ratio (F ¼ 9.65, P ¼ 0.004) and a higher decrease of the FM content of the upper limbs (F ¼ 4.44, P ¼ 0.043) than those of African origin. In girls, decreases in the FM/LM ratio of the upper limbs were also explained by adding age and Tanner stage in the model.
Correlations between changes in anthropometric and body composition measurements. The results of simple correlations are shown in Table 3 . In both sexes, the decrease in FM Multidisciplinary weight loss intervention HH Dao et al content and percent body fat was best correlated to their values at baseline. While the duration of treatment also exerted a significant effect, age and ongoing puberty did not. BW and HC at baseline also strongly predict these changes in both sexes while WC does in girls only. When multiple regression analysis was performed, the strongest determinants of changes in percent body fat and FM content in both sexes were their values at baseline (Table 4) .
Correlations between circumferences and total and trunk FM. The results are shown in Table 5 . WC was correlated to total and trunk FM in both sexes before and after weight loss. HC was correlated to total and trunk FM in both sexes only before weight loss. In boys, the correlation disappears after treatment. Correlations between percentages of FM in the trunk and in the whole body, on the one hand, and WC and HC, on the other, are weaker and found only in girls. In boys, WHR is strongly correlated to trunk FM after weight loss.
Correlation between BMI and total FM. Correlations between BMI and total FM before and after weight loss are shown in Figure 2 . The total FM content was strongly correlated to BMI in both sexes (r ¼ 0.87, Po0.0001 and r ¼ 0.90, Po0.0001) in girls and in boys (r ¼ 0.70, P ¼ 0.0003 ) that is, the differences between individuals, in total FM that may be predicted by BMI, in girls, are 76 and 81%, before and after weight loss, respectively. In boys, corresponding figures fall to only 49 and 29%.
Regression equations (see Figure 2) Correlation between BMI and percent FM. As shown in Figure 3 , BMI was significantly correlated to total percent FM in girls only, before (r ¼ 0.56, P ¼ 0.0007) and after weight loss (r ¼ 0.63, Po0.0001). Correspondingly, only 32 and 40% of the variance in percent FM may be predicted by BMI before and after weight loss.
In girls, regression equations also predict that at a BMI of 30 kg/m 2 , percent FM range is 36.2-42.2% before weight loss and 28.8-36.0% (95% CI) after weight loss. In boys where no correlation was found, the regression equations were not calculated.
Correlation between the decrease in BMI and the decrease in total FM. Figure 4 shows the correlations between the decrease in BMI and the decrease in total FM in absolute value and as a percentage of BW.
Decreases in BMI and total FM were strongly correlated in both sexes. However, a steeper slope is found in boys (3.23) than in girls (1.66) (t ¼ 3.92, Po0.0005). Correspondingly, 82% of the decrease in FM in boys and 66% in girls may be explained by the decrease in BMI.
Regression equations between the decrease in total FM content and the decrease in BMI were: 
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As for FM in absolute amount, slopes are steeper in boys (3.51) than in girls (0.83) (t ¼ 4.8, Po0.0001).
Consequently, a 25% decrease in FM requires a decrease in BMI twice higher in girls (À9.4 kg/m 2 ) than in boys (À4.3 kg/m 2 ).
Discussion
Health consequences associated with early obesity have been repeatedly assessed and justify prevention and research in childhood obesity. 3, 4 Combined intervention strategies have proved to lead to better and longer lasting results in children and in adolescents. 6, 7, 9, [20] [21] [22] However, body composition measurements are critical in obese subjects to assess the changes underlying weight loss. DEXA has been shown to be appropriate to measure LM, FM and percent fat in total and segmental regions. 10, 11, 13 Its bias and limits of agreement have been shown to be independent of age, ethnicity and body fatness. However, under-or overestimations of percent FM that should lead to critical interpretation of data have been reported in young children 12 and in girls.
14 Dramatic changes in body composition occur during adolescence and differ between boys and girls. We therefore conducted this study to examine the effects, in each sex, of diet combined with physical exercise training intervention on the total and segmental body composition in adolescents with severe obesity. The three major findings of this study are that (1) despite a major decrease in BW and FM, adequate growth and preservation of LM can be achieved, (2) weight loss kinetics markedly differs between boys and girls during adolescence and (3) low-calorie diets are unnecessary to achieve such goals.
Mean reductions in BMI (À21.475.9 and À23.776.4% in girls and boys, respectively, Po0.0001) are among the highest reported in obese adolescents. BMIs in boys, although similar at the beginning of the program to those of girls, are lower at its end (Po0.05) but remain on average between the 90th and 97th percentile of the national references. 16 Our data are consistent with the results from previous studies using exercise combined with a balanced diet. 8, 9, [23] [24] [25] [26] [27] Caloric restriction may induce negative side effects such as growth retardation. Therefore, a weight loss program in obese children and adolescents must pay attention to ensure lasting growth and development. 9, 22, [24] [25] [26] [27] Obese children before late puberty are temporarily taller than they will eventually remain. 28 In our population, we could verify by plotting individual growth chart plots on French national reference charts, from birth onward, and by checking bone ages (not shown) that height growth followed the expected pattern. The expected increase in height is observed (Po0.0001). A slight proportion of the decrease in BMI is thus a consequence of growth. Reduction in percent fat is correlated to the length of time during which the program was applied (P ¼ 0.005 in girls and P ¼ 0.019 in boys), and also to the initial percentage of FM (Table 3) . Other teams 29, 30 also reported steeper weight losses with a combined approach than with a low-calorie diet alone and a positive correlation to the duration of the treatment. Altogether, a low-calorie diet appears unnecessary in children and adolescents to induce a negative energy balance when a multidisciplinary approach is used. At the beginning of the program, FM represents over 40% of body mass in our population and does not differ between boys and girls. At baseline, WC and HC, unlike WHR, are good predictors of FM. After weight loss, the same links become weaker ( Table 5) .
Although mean ages and BMI and FM are similar at baseline, girls have reached later stages of puberty and form a more homogenous group than boys in that respect. This is consistent with the well-known advanced age of menarche in obese girls, while broader ranges of onset and rates of pubertal development occur in boys. 28 In healthy adolescents, puberty is known to induce changes in body composition that markedly differ in boys and in girls and lead to higher total energy expenditure in boys than in girls. [31] [32] [33] LM, which is the main determinant of energy expenditure, increased steeply in boys while FM showed the opposite trend in girls. 15, [31] [32] [33] In our study, boys at the end of the program had higher LM than girls (Po0.05) and a markedly lower percentage of FM (23.874.9 vs 31.175.4%). Total FM was similar in subjects of Caucasian and African origin while LM was higher in girls of African origin, both before and after treatment, suggesting that ethnicity also plays a role. An increase in total LM with age and pubertal development was observed in all girls and in boys of African origin. The characteristics of the sample could explain the lack of difference observed in boys. 34 A slight change in body composition had not shown any effect. 23, 35 Our study does not allow to state whether LM developments are truly adequate in this population. However, it allows to conclude that within the overall range of changes observed, major decreases in LM are avoided and that a significant increase occurs while pubertal development takes place. In adults, a marked loss of LM used to be the most serious reported inconvenience of low-calorie diets, while effects after a few weeks seem to be close to those of a classical diet. 36 Multidisciplinary weight loss intervention HH Dao et al Additional serious inconveniences have been reported in adolescents: a safe management proves to be difficult to handle even by experienced teams (MS Sothern, personal communication); low-calorie diets are not intended to last over a few weeks and do not allow to introduce modification in the family eating pattern, in contrast tending to further isolate the obese subject. They would thus not fit most of the criteria we intended to meet: safe, family based, long lasting not to say tasty, diets.
All regional FM also decreased in strong correlation with BW, FM at baseline and duration of treatment. This finding is in agreement with a previous study in prepubertal obese children. 35 The dramatic reduction in abdominal fat content, which is an early marker of increased cardiovascular risk in nonobese [37] [38] [39] and obese 40, 41 children, could contribute to the benefits linked to BW loss. 3 We confirm that unlike WHR, WC is well correlated to total FM and trunk FM content in both sexes. 39, [42] [43] [44] In our study, girls had higher trunk/legs FM ratios than boys both before (1.1470.21 vs 1.0270.16, Po0.05) and after weight loss (0.8970.24 vs 0.6870.17, Po0.05). Ogle et al 45 reported that in lean boys, trunk/legs FM ratio becomes higher than in girls in postpubertal stages. In our study, either before or after weight loss, legs and trunk FM/ LM ratios are both lower in boys than in girls (Po0.01), but while the proportion falls to 22% in the trunk, it remains as high as 45% in the legs, explaining this apparently inverse trend in boys. In the arms, we found that a mild decrease in LM is correlated to the decrease in FM in both sexes. Since no site-specific approach had been previously detailed in children and adolescents to our knowledge, this finding requires further examination. . BW and FM losses reached, respectively, 2.372.8 and 2.672.7 kg (Po0.0001). FFM did not decrease but all subjects were still extremely obese at the end of the intervention (mean BMI: 37.6 kg/m 2 ). Other studies 35, 46, 47 reported the effects of supervised physical training alone on body composition assessed by DEXA in obese children. Although FFM increased significantly, total FM also increased 46 or slightly decreased. 35, 47 Consequently, the children were also still markedly obese after intervention. In this study, BW measured by means of the scale and DEXA were highly correlated before and after weight loss (r ¼ 0.99). This is consistent with the data reported in previous studies. 10, 11, 13 BMI is a widely used measure of adiposity that is well correlated with total FM and percent body fat in normal and overweight children and adolescents. 48, 49 The degree of overweight is a key element to take into account. In lean and moderately obese girls and boys aged 5-19 y, Pietrobelli et al 48 . Some subjects were markedly obese and the relationship tended to become curvilinear for the highest degrees of obesity. In our sample, which is close in terms of BMI to this population, the relationship with FM was clearly linear (Figure 3 ). In the Pima Indians, the relationship between BMI and percent FM was different in male and female subjects and increased with age.
In Measured FM was greater than that predicted in very lean girls (BMI o5th percentile) and lower than that predicted in those with BMI 495th percentile. Our study shows that in adolescents, a multidisciplinary approach allows to reduce severe obesity markedly and preserve growth and total lean mass. At similar obesity levels and age ranges, an additional favorable effect is found in boys. The results are also linked to the duration of the program.
